(NAM) populations are being developed. With the availability of above-mentioned information, next few years will be witnessing application of genomics-assisted breeding for pigeonpea improvement. It is anticipated that improved pigeonpea lines developed through genomics interventions will reach to farmers' fields and elevate the game towards pulse sufficiency for poor farmers in arid and semi-arid regions of the world in near future.
Introduction
Much has been written on the importance of pigeonpea in previous chapters of this book and in many other published articles. However, until recently very few breeding programs have remained engaged in systematic pigeonpea research involving modern biology approaches. Moreover, the genetic material used in these breeding programs have limited genetic base. There is a need to diversify the genetic base and deploy modern approaches such as genomics-assisted breeding (GAB) for pigeonpea improvement. GAB has helped development of superior varieties and hybrids in several crops, in cereals (Varshney et al. 2005 (Varshney et al. , 2006 (Varshney et al. , 2010a and legumes such as chickpea (Varshney et al. 2013) and groundnut (Varshney et al. 2014) . The pigeonpea crop, however, remained untouched by the genomics revolution until 2005 and resulted as an 'orphan crop legume'. To enable GAB in this crop, the Pigeonpea Genomics Initiative (PGI) was started in late 2006 with financial support from Indian Council of Agricultural Research (ICAR) under the umbrella of Indo-US Agricultural Knowledge Initiative (AKI), US National Science Foundation's Plant Genome Research Program and the Generation Challenge Program (GCP). As a result of intensive efforts in PGI and several other programmes, a significant amount of genomic resources such as molecular markers, mapping populations and genetic maps was developed in pigeonpea (Varshney et al. 2010b ). These collaborative efforts significantly benefited pigeonpea research community and transformed an 'orphan crop legume' to 'genomic resources-rich crop'. Although thousands of molecular markers and a number of mapping populations were developed in pigeonpea under PGI, very few genetic maps with low level of marker density and only three quantitative trait loci (QTL)-based studies were conducted (Bohra et al. 2012; Gnanesh et al. 2011; Kumawat et al. 2012 ). This has happened mainly because of low level of genetic diversity present in the pigeonpea-cultivated gene pool. To overcome the low level of genetic diversity bottleneck in the cultivated gene pool and for deploying GAB, following two options were considered: (1) develop novel genetic material with enhanced genetic diversity and (2) systematically scan entire pigeonpea genome for all possible variations. In PGI, initially a clone-by-clone approach was proposed to sequence the pigeonpea genome. However, due to lack of funds through PGI and availability of low-cost and high-throughput next generation sequencing (NGS) technologies encouraged pigeonpea genomics community for developing genome sequence based on whole-genome shotgun approach. At the later stage, International Initiative for Pigeonpea Genomics (IIPG) (http:// ceg.icrisat.org/gt-bt/iipg/Home.html) was floated to sequence genome and developed other genomic resources. As a result of efforts from IIPG and National Research Centre on Plant Biotechnology (NRCPB), two drafts of pigeonpea genome were published in Nature Biotechnology and Journal of Plant Biochemistry and Biotechnology . Nevertheless, the genomic resources developed in PGI were pivotal in both pigeonpea genome sequencing projects.
Genome Sequence Initiatives
The year 2012 can be consider a significant year not only for pigeonpea but for the legume community. As mentioned above, IIPG and NRCPB delivered draft pigeonpea genome sequence almost at the same time, one was based on Illumina sequence data ) and the other one was based on 454 GS-FLX sequence data . These efforts delivered the genome sequence information of the first grain legume as well as the second food legume, after soybean to help increase the efficiency of pigeonpea improvement by integrating biotechnological tools in conventional breeding and to utilize the genome information of pigeonpea for analysing other legume species. It was also anticipated that the pigeonpea genome information will be useful to understand the genetic basis of hybrid vigour in pigeonpea, develop new methods for hybrid breeding.
Background history and glimpse of the two pigeonpea genome initiatives have been presented below: It is important to mention that above-mentioned partnership was accomplished without any specific funded project for the purpose. The two most important features of this partnership includes following: (1) total expenditure of <US$200 K, whereas in general genome sequencing projects involve millions of US$s, (2) completion of pigeonpea genome sequencing in just about 2 years, unlike many other previous genome sequencing projects (of the same or even smaller genome sizes) generally took 5-10 years or even more (http://www.icrisat.org/newsroom/newsreleases/icrisat-pr-2011-media20.htm).
The consortium used 'ICPL 87119', popularly known as 'Asha' a pigeonpea variety for the generation and analysis of genome sequence. Illumina sequencing technology was used to generate 237.2 Gb of sequence data from 22 different insert size libraries ranging from 180 bp to 20 Kb. This sequence data along with Sanger-based BAC-end sequences and a genetic map assembled *73% (605.78 Mb) of the 833-Mbp pigeonpea genome. Genome analysis predicted 48,680 genes for pigeonpea and also showed the potential role of some gene families during evolution/domestication, e.g. drought tolerance-related genes. Although a few segmental duplication events were found, recent genome-wide duplication events, such as seen in soybean, were not observed. The consortium also used 'Asha' for assembling draft genome sequence data using long-sequence reads of 454 GS-FLX. A total of 0.51-Gb high-quality sequence data were generated and analysed. In brief, sequence analysis provided a total of 47,004 protein-coding genes which is quite similar to Varshney et al. (2012) . Further, 1213 disease resistance/defence response genes were detected.
In summary, both of above-mentioned sequencing efforts have made the first pulse crop with genome sequence information. These efforts have created a 'Supermarket' of genes and molecular markers. However, we understand that number of genes predicted in pigeonpea are inflated and may reduce with better quality of draft genome assembly in near future. It will lead to the identification and manipulation of candidate genes or genomic regions associated with resistance or tolerance to biotic and abiotic stresses, yield contributing and other agronomic traits to enable pure line or hybrid breeding.
Deployment of Genome
Sequence Information for Pigeonpea Improvement
Availability of genomic resources, such as draft genome sequence alone is not enough to improve the crop productivity. In fact, the genome sequence is starting point and one of the important tools to harness genetic diversity for the traits of interest to crop improvement. In addition to developing the varieties or parental lines of hybrids with enhanced resistance to sterility mosaic disease (SMD) and fusarium wilt (FW), the pigeonpea breeding community requires early maturing as well as photo-period insensitive lines so that crop production can be expanded to new niches such as sloping hills and fit into the new production systems with short-time windows. While resistance to pod borers (Helicoveropa armigera and Maruca vitrata) is another interesting trait, limited or non-availability of resistance to these insects in the cultivated gene pool does not allow the use of a molecular breeding approach for targeting these traits (at least for now).
Although breeders have been engaged in developing superior varieties, the genetic base of pigeonpea is limited due to minimal usage of diverse genotypes in breeding programs, and there have been only a few breeding programs across the world. Also, modern breeding tools such as molecular breeding could not be deployed in breeding due to non-availability of marker-trait information for traits of interest. In this direction, development of draft genome sequence has been considered as a milestone in pigeonpea research. As a result of this breakthrough, a significant amount of information has become available. These resources can be used as tools to harness the genetic diversity for crop improvement.
Just after decoding of pigeonpea genome sequence (Nov. 7, 2011) , round table discussions were organized on 15 November, 2011 by Mr P. Basu, the then Secretary and Mr Mukesh Khullar, the then Joint Secretary, Department of Agriculture & Cooperation (DAC), Ministry of Agriculture, Government of India. In this meeting, representatives from different pigeonpea research institutes across India including the leaders of both genome sequencing projects-Dr Rajeev K. Varshney (IIPG/ICRISAT) and Dr NK Singh (NRCPB/ICAR)-and several other key stakeholders from India were present. In this important meeting, key issues related to pigeonpea improvement were identified. Subsequently, ICRISAT in collaboration with University of Agricultural Sciences, ARS-Gulbarga, Karnataka and the Professor Jayashankar Telangana State Agricultural University (PJTSAU)-Hyderabad, Telangana-developed a road map for deploying genome sequence information for pigeonpea improvement. The consortium brought expertise in different disciplines, namely breeding, genomics, pathology, and wide hybridization. These efforts led to the development of the project 'Pigeonpea improvement using molecular breeding' with an aim to harness diversity present in the breeding material and germplasm collection. Subsequently, the proposal was approved by Ministry of Agriculture, Government of India and United States Agency for International Development (USAID)-India Mission.
The project was planned in three phases, phase I (generating basic information/material to initiate molecular breeding), phase II (molecular breeding, multi-location evaluation, development and extension in Asia and Africa) and phase III (Coordinated Research Project trials and extension in Asia and Africa) (Fig. 8.1 ). Phase I (for three years) was initiated in the year 2012 with the funding from USAID-India. Furthermore, research efforts were expanded for deploying genome sequence information for pigeonpea improvement through support from Department of Biotechnology, Government of India; CGIAR Research Program on Grain Legumes.
Significant progress has been made in different areas including developing new genetic stocks, utilization of genetic material for genome-wide profiling through re-sequencing, genotyping by sequencing, SNP arrays and establishing marker-trait association. Some of this progress has been presented in the sections below.
Developing New Genetic Stocks
Pigeonpea has a very strong crop improvement programme; however, pedigree analysis of released cultivars indicates that T-1 and T-190 were the most frequently used parents (Kumar et al. 2004 ). There has been limited use of genetic diversity from germplasm collection in breeding programs in majority of crops including pigeonpea (Upadhyaya et al. 2011 ). Above-mentioned points clearly explain reasons behind the low level of genetic diversity observed in cultivated gene pool. Therefore, it was planned to develop new genetic stock with broader genetic base and deploy family-based mapping approaches such as MAGIC and NAM to tackle complex traits precisely. These family-based approaches that play an intermediate role between classical bi-parental and natural populations have been developed in some other crops such as maize and Arabidopsis (McMullen et al. 2009; Kover et al. 2009 ).
Multi-parent advanced generation intercross (MAGIC): MAGIC could be used for high-resolution mapping and generating new breeding material with combined features of various important traits. Thus, MAGIC directly enriches breeding efforts in two ways: first, by revealing best alleles underlying a given trait and second, by their enrichment into a single genotype that can be easily recognized. MAGIC populations have been developed in Arabidopsis (Kover et al. 2009 ), rice (Bandillo et al. 2009 (Bandillo et al. , 2013 and wheat . Therefore, development of MAGIC population in pigeonpea through reshuffling of the genome to enhance the genetic base and to identify the marker traits associations was initiated. A total of eight diverse founder parents (four elite breeding lines and four landraces) with desirable features were selected for the development of MAGIC population (Table 8 .1). Half diallel crossing approach (28, two-way F 1 s) followed by funnel-based mating design (14, four-way and 7, eight-way F 1 s) is being utilized for the development of at least 1000 MAGIC lines.
Nested association mapping (NAM): The NAM approach involves several populations that have one common parent, with the other parental genotype contrasting for traits of interest to the common parent genotype. Using this approach, available genetic diversity in the elite cultivars/breeding lines is utilized (McMullen ). Progenies coming from the different sets of bi-parental populations can be analysed using both linkage as well as association mapping approach. Therefore, there is a need to develop NAM populations for targeted traits. In the case of pigeonpea, a total of 10 crosses involving Asha as a common parent have been made at ICRISAT (Table 8 .2). Developed MAGIC and NAM populations in near future will be analysed together with genome-wide markers and trait phenotyping data. Such populations have potential to not only provide the trait-associated markers, but also provide new genetic combinations for pigeonpea breeding program, which can be proved as a game changer in elevating productivity and genetic diversity.
Utilizing Available Genetic Resources
As described in previous chapters of this book on genomic resources and germplasm characterization, a number of mapping populations ranging from F 2 s (Varshney et al. 2010b 
Whole-Genome Re-sequencing Initiatives
Initial investments in developing draft genome sequence information in any organism provide dividend in the form of re-sequencing projects.
Where genome-wide profiling of target sets in a given species becomes cost-effective. Especially, in the present world of low-cost NGS, an opportunity arises to catalogue genome-wide variations in a number of individuals. NGS together with draft genome sequence has enabled identification of SNPs and Indels in efficient and high-throughput manner in a number of species (Lam et al. 2010; Xu et al. 2012 ). In the case of pigeonpea, re-sequencing of different germplasm sets has been initiated. These sets include parents of mapping populations , reference set (Varshney et al. 2017) , parental lines of hybrids (unpublished). These datasets will subsequently enable the pigeonpea researchers to deploy GAB and to overcome the bottleneck of limited genetic diversity information.
First generation HapMap:
The first report on whole-genome re-sequencing (WGRS) in pigeonpea has been published very recently . In this effort, WGRS was conducted using Illumina paired-end sequencing technology on a panel of 20 Cajanus lines. Selected lines represent crossing parentals of RILs, introgression lines (ILs), MAGIC and NAM. Across the 20 lines, a total of 157 Gb raw data with an effective mapping depth of *12X per genotype were generated. Subsequently, a total of 5.4 million variations including 4.6 million SNPs and 0.7 million Indels were identified across the lines. This study also provided 2598 copy number variations (CNVs) and 970 presence and absence variations (PAVs). Additionally, unique accession/genotype signatures were also detected through genome-wide analysis. The analysis clearly explained a narrow genetic base in cultivated gene pool and suggested use of new populations such as IL or AB populations, MAGIC, NAM to re-introduce adaptive diversity in pigeonpea breeding.
Reference set: To catalogue the sequence diversity, we have re-sequenced the genomes of 292 lines from a total of 300 pigeonpea lines in reference set on HiSeq 2500 platform. This set is comprised of breeding lines, landraces and wild species lines. WGRS yielded 2.15 Tb of sequence data with the coverage ranging from 5 to 12X. The WGRS data have been used to identify small variations (SNPs and Indels) and large structural variations (CNVs and PAVs). Re-sequencing data have provided variation counts around 17 million across 292 Cajanus lines (Varshney et al. 2017 ). This generated sequence data have been used to understand genetic relationships among Cajanus lines, targets of domestication and human selection genetic sweeps and associations between genomic regions with agronomic important traits.
Parental lines of hybrids: In order to define heterotic pools in pigeonpea, a set of 104 parental lines (cytoplasmic male sterile, maintainers and restorers) have been re-sequenced. WGRS yielded 511 GB sequence data with the coverage ranging from 5 to 10X. A total of 3.4 million SNPs could be identified across 104 lines (unpublished). In parallel, it has been planned to develop testcrosses from the parental lines. F 1 hybrids along with parental lines will be phenotyped for yield-related traits. The combined analysis with genome-wide variations and phenotypic data would provide clues on hybrid performance that will be helpful in accelerating hybrid improvement.
Sequencing-Based Genotyping Approaches
Pigeonpea draft genome sequence has provided opportunities to deploy sequencing-based genotyping approaches such as GBS and QTL-seq to generate high-density linkage maps and marker identification. GBS provides ease of discovery and genotyping of markers in a single-step process. GBS technique is now being used for genotyping PRILs (_A, _B and _C), multiple F 2 populations and ILs for developing high-density pigeonpea genetic maps and subsequently for identification of traits-associated markers (Saxena et al. 2017a, b) . Another approach of marker detection combines bulked segregant analysis (BSA) and WGRS has been deployed in pigeonpea for identification of genomic region(s) responsible for FW and SMD resistance (Singh et al. 2016) . In brief, R-bulk (resistant bulk) and S-bulk (susceptible bulk) along with the resistant parent were re-sequenced for identification of candidate genomic region(s)/genes. Detailed analysis of sequence data identified association of four candidate nsSNPs in four genes with FW resistance and four candidate nsSNPs in three genes with SMD resistance (for detailed results please see Singh et al. 2016 ).
High-Density SNP Array (Axiom®CajanusSNP Array)
In order to use above-mentioned sequence variations identified through large-scale WGRS in pigeonpea, an array targeting *56,000 SNPs has been developed using the Affymetrix platform. SNP probes were designed by screening *2 million SNP loci extracted from the re-sequencing data of cultivated lines. A total of 56,512 SNPs were placed on array. The array contained evenly distributed markers in the genome. Initial genotyping showed that this array had high genotyping accuracy and could be used for different objectives (unpublished). Therefore, it has been planned to genotype pigeonpea composite collection (*1000 lines) and at least three different mapping populations segregating for important traits with above-mentioned 'Axiom ® CajanusSNP Array'. This array will play an important role in genomics studies and molecular breeding.
Conclusion
Two draft genome assemblies have been generated in pigeonpea by collaborative sequencing initiatives. These draft genomes have provided information on genes and subsequently led the foundation of a number of re-sequencing projects and applications of novel methodologies. The information produced through re-sequencing projects is continuously adding up and will be surely helpful in understanding the crop evolution, domestication, genetic relationships, genetic control of genes, biological process in different metabolic pathways etc. Whereas novel approaches such as GBS and SNP arrays together with trait phenotyping data will provide candidate markers/genes associated with different important traits in pigeonpea. As a next step in pigeonpea genomics, there is a need of improvement in draft genome assembly where PACBio reads along with improved analysis algorithms will certainly help. It is anticipated that coming years will be witnessing usage of genome sequence information in developing superior lines of pigeonpea for both varietal and hybrid breeding.
